or Am. J. Physiol.: Heart Circ. Physiol. 2(6): H642-H646, 1977. -Choline acetyltransferase (EC 2.3.1.6) catalyzes the following reaction: acetyl coenzyme A + choline = 0-acetylcholine + coenzyme A. The enzyme is usually considered as a marker for cholinergic neurons; its presence in nonneuronal tissue is rigorously established for only the primate placenta. To determine whether myocardium per se or neurons are the source of heart choline acetyltransferase, preparations of isolated cardiac muscle cells were grown in cell culture and compared to embryonic heart for choline acetyltransferase and carnitine acetyltransferase (EC 2.3.1.7) activity.
While the specific activity for the latter enzyme in the cultured heart cells was about 50% of that in freshly isolated chick embryo heart, choline acetyltransferase activity was undetectable (less than 1% of that in whole heart). Analysis of the cell fractions obtained by trypsinization revealed that choline acetyltransferase was associated with the unresolved sediment; the dispersed myocardial cells, however, lack both enzyme activity and apparent neuronal contamination.
The possibility of a choline acetyltransferase inhibitor was ruled unlikely by combination of active extracts of embryonic heart and inactive cultured cells; the latter failed to alter the activity of the former. Parallel results were obtained from experiments with rat heart and rat heart cell cultures.
chick embryo heart; cell culture, cardiac muscle cells; carnitine acetyltransferase; neurotransmitters; cholinergic innervation ACETYLCHOLINE is the neurotransmitter of the preganglionic and postganglionic components of the parasympathetic nervous system and the preganglionic component of the sympathetic nervous system (8). Since sympathetic ganglia are extracardiac, choline acetyltransferase-activity serves as a marker for intracardiac preganglionic and postganglionic parasympathetic innervation (9) . The only rigorously established nonneuronal source of choline acetyltransferase is the primate placenta (13) ; therefore, we assumed that this activity in heart is related predominantly to cholinergic innervation. However, two reports challenging this assumption have appeared. Using a biological assay, Coraboeuf et al. (2) described an acetylcholine-like substance in the 3%day chick embryo heart (before innervation should have occurred). Gifford and co-workers (5) have published a preliminary report that choline acetyltransferase activity was present in chick embryo heart before innervation; their radioisotopic assay depended on ion exchange for separation of the radiolabeled substances. For these experiments, we used a sensitive radioisotopic method previously developed to quantify choline acetyltransferase activity in guinea pig heart by measuring the formation of [14 Clacetylcholine from II4 Clacetyl-CoA (16) . Acetylcholine is readily resolved from acetylcarnitine, acetyl-CoA, and other metabolites in these experiments by paper electrophoresis. In adult guinea pig heart, choline acetyltransferase activity is greatest in the right atrium, intermediate in the right ventricle and left atrium, and lowest in the left ventricle (16) . The distribution of the biochemically related carnitine acetyltransferase differs; it is lower in the atria than in the ventricles. Subsequent studies showed that there is no change in total cardiac choline acetyltransferase activity in guinea pigs with cardiac hypertrophy and failure resulting from pulmonary artery or aortic banding (17) .
After casting about for a suitable system to establish the neuronal or myocardial origin of heart choline acetyltransferase, we used chick embryo or rat neonatal heart cells, resolved from other cells by enzymatic dispersion, and grown in culture. The results of these experiments are consistent with the notion that choline acetyltransferase is not associated with the myocardial cells per se, but rather with the neuronal elements.
MATERIALS AND METHODS
AnimaZ source. Fertile eggs from white leghorn hens were supplied by Spafas Inc. of Roanoke, Ill. Chicken eggs were stored at 18°C for O-4 days and then transferred to an egg incubator at 37°C which rotated the eggs hourly, for development. The 1st day of development corresponds to the 1st day at 37°C. For cell culturing, we used lo-12 embryos at day 13 in development. Tissue sampling was performed on the day specified. Neonatal rat hearts were taken at 2-4 days for culturing and tissue sampling from the colony of Wistar rats at the University of Iowa.
Primary heart cell cultures. After dissection, hearts were rinsed in cell-culture growth medium (described H642 H643 below) for 5-45 min at 20°C. Ventricles were then dissected and minced into small pieces (1 mm3). The fragments were then transferred in a syringe to a flask containing 20 ml of a trypsin solution (porcine pancreatic trypsin l-300 from Nutritional Biochemicals Corporation, in buffer A; final concentration, 125 pg/ ml), and incubated with stirring at 37OC for 10 min. The composition of buffer A is (in mM): NaCl, 133; KCl, 4.7; glucose, 7.8; HEPES buffer, 20 (pH 7.4). The supernatant (ca. 15 ml), which contained the dispersed cells, was added to 5 ml of horse serum (HS) at 0-4"C, and an additional 20 ml of fresh trypsin solution were added to the flask containing ventricular fragments. The process of trypsinization followed by decantation into horse serum was repeated a total of 8 times, which left only a white fibrous pellet. The first two supernatants contained few muscle cells and were discarded; two supernatants were pooled (supernatants 3 and 4,5 and 6, and 7 and 8) in conical glass tubes and centrifuged at 200 x g for 8 min. The cell pellets were resuspended in Earle's ionic solution (4) and the centrifugation was repeated. The rat ventricular cells were prepared according to the same process except that the trypsin exposures were 30 min each and the concentration was 1 mg/ml. The enzyme dispersion process was optimized for myocardial cells from both species by functional criteria similar to those used for vascular muscle cultures (6) . To this medium was added l/lOOth vol essential vitamin mixture for Eagle's Minimum Essential Medium (3) (concentrated x 100). The cell cultures were incubated at 37°C in a 5% COP, water-saturated atmosphere.
Both the chick and ratheart cultures consisted of heterogeneous populations of contracting and noncontracting cells, the majority of which was muscle. All cultures submitted for enzyme assay were observed to have numerous areas of spontaneous contractions throughout. The muscle cells in these cultures were identified by physiological and pharmacological criteria, as previously described (7). Tissue sampling.
Activities of choline and carnitine acetyltransferases were examined in the following samples: a) cultures of contracting cells after 2-8 days in culture, b) the cells used for establishing the primary cultures, and c) the residual pellet in the flask following eight trypsinizations.
Samples were rinsed twice (suspension followed by centrifugation) with Earle's solution at 20°C to remove HS, separated into samples of mass lo-40 mg, and frozen in liquid nitrogen.
For the nonculture measurements, hearts were removed from 4-, l3-, 15-, and 17-day-old chick embryos and 2-day-old neonatal rats. The following regions were examined for choline and carnitine acetyltransferase activities: a) right atrium, b) left atrium, c) right ventricle, and d) left ventricle in all, with the exception of the 4-dayiold chick embryos, in which enzyme activities of whole heart were examined. Hearts were rinsed 2 times in cold Earle's solution (0-4°C) for a total of 30-60 min to remove adherent blood. Tissue sections (lo-40 mg) were then frozen in liquid nitrogen.
The tissue consistency of these heart samples did not necessitate disruption by pulverization at the liquid N, temperatures that are required for adult guinea pig heart (16) . Sources of other materials and methods have been documented in earlier studies (16, 17) .
Enzyme assays. The heart samples and heart cellculture samples were homogenized with a glass-to-glass Dual1 tissue grinder (Kontes) in 250 ~1 of potassium phosphate buffer (pH 7.4) containing 0. Radioactivities of the specified compounds were measured as previously described (14) . Unlike d It a u guinea pig hearts, endogenous carnitine levels result in less than 20% depletion of substrate S4 Clacetyl-CoA (f orming [1" Clacetylcarnitine which is resolved from r4 Clacetylcholine).
It is therefore unnecessary to dialyze these samples prior to measuring choline acetyltransferase activity. Under our experimental conditions, the background of blank determinations was 70 cpm including the 30-cpm machine background. The activity of samples with fewer than 100 cpm was considered to be nil. Since 1 pmol of radioactivity was 73.3 cpm, as determined with the Beckman LS-100 counting system using 55 mCi/mmol [l"C]acetylCoA (New England Nuclear Corp.), the limit of detection from a 10 mg/ml homogenate ranges from 0.25 pm01 min+ mg-l protein (15 min incubation) to 0.06 pm01 min-l mg-l protein (60 min incubation).
In our experience, these blank values are substantially lower than those obtained by ion-exchange methods (70 vs. 500 cpm), which permits determinations of low enzyme activity with greater accuracy. The acetylcholine is also well resolved from acetylcarnitine.
RESULTS
Choline and carnitine acetyltransferase activities in chick embryo hearts and he&t cell cultures.
Choline acetyltransferase activity ranged from 6 to 11 pmol mir? mg-l protein in whole heart obtained from 13-, 15-, or 17-day chick embryos (Fig. 1) . On the other hand, activity from 4-day chick embryos or from heart cell cultures derived from 13-day embryos is nil (< 0.06 pm01 min-l mg+ protein). Carnitine acetyltransferase activity is about l,OOO-fold higher (Fig. 1) . Activity is reduced by 60% in the heart cell cultures, in contrast to the complete loss of detectable choline acetyltransferase activity. acetyltransferase is specific and not general. Thus, neither the chick heart cells nor nonmuscle cells maintained in primary tissue culture exhibit choline acetyltransferase activity. The general properties of the transferase activities in chick embryo heart resembled those in adult guinea pig heart (16) . The enzyme activities are proportional to time for 60 min. Under the conditions employed, activity is also proportional to protein concentration. Triton X-100 (0.1%) stimulated activity a small (15%), variable amount and was routinely included to measure any possible cryptic or sequestered enzyme activity. The incorporation of radioactivity into a region co-migrating with carrier acetylcholine is dependent on the addition of choline to the-incubation medium. Combination of heart homogenates and heart cell cultures.
To test for possible inhibitory substances to explain the lack of choline acetyltransferase activity in the heart cell-culture homogenates and the 4-day embryonic heart extracts, we performed suitable combination experiments.
The addition of aliquots of these samples to the active, 13-day, derived homogenates (Table 1) or active, 16-day, derived homogenates (not shown) failed to alter the activity of the enzyme. These results rule that it is unlikely that an inhibitory substance is the explanation for the failure to demonstrate choline acetyltransferase activity in the cultures or in the 4-day chick embryo heart.
Chemical inhibition of choline and carnitine acetyltransferase.
To further characterize the two transferase activities, differential inhibitors were employed. Bromoacetylcholine inhibits placental (12) , bovine brain (15) , and guinea pig heart (16) choline acetyltransferase. Bromoacetylcholine (16) and bromoacetyl-n-carnitine (1) fail to inhibit carnitine acetyltransferase, which is inhibited by bromoacetyl-L-carnitine. Under conditions in which carnitine acetyltransferase is unaltered, bromoacetylcholine inhibits acetylcholine biosynthesis 95% (Table 2) . Furthermore, acetylcarnitine inhibits carnitine acetyltransferase, but not choline acetyltransferase activity, by 55% (Table 2 ). In agreement with Choline and carnitine acetyltransferase activity in four chambers of heart. Previous studies indicate that choline acetyltransferase activity varies in the four heart chambers of adult guinea pig heart (16, 17) . The activity in embryonic chick heart parallels that of adult guinea pig heart (Fig. 3) in spite of the difference in species and stage of development.
Choline acetyltransferase activity is higher in the atria than in the ventricles. In contrast to studies on adult guinea pig heart, the activity of carnitine acetyltransferase is more uniform in chick embryo heart. Acetyltransferase activity in neonatal rat heart and heart cell cultures.
To allow for the generalization of these results to mammals, neonatal rat hearts and heart cell cultures were assayed for enzyme activity. Although carniti ne acetyltransferase activi in each, choline acetyltransferase activity -tY in is present the heart cell cultures is undetectable (Fig. 4) . The-enzyme activities were characterized as described for the chick embryo heart, and comparable results were obtained in combination experiments, differential inhibition, and lack of interference from endogenous carnitine.
DISCUSSION
These studies were initiated to ascertain whether choline acetyltransferase is located in myocardial cells or in associated neuronal cells. Using a radioisotopic assay follo wed by electrophoretic resolution, we were unable to detect choline acetyltransferase activity in noninnervated 4-day chick embryo heart. Primary cultures of 13.day chick embryo or neonatal rat hearts likewise demon strated no evidence of choline acetyltransferase activity. The persistence of significant carnitine acetyltransferase activity in these heart cultures indicates that there is a specific loss of choline acetyltransferase activity rather than general cellular deterioration. Moreover, the choline acetyltransferase is resolved by centrifugation following trypsinization, so that its removal from the whole heart is identified before the myocardial cells are placed in culture. The validity of our assay is substantiated by the fact that we can measure activity in the 13-day chick embryo heart and neonatal rat-heart homogenates and can quantitate the regional distribution of both choline and carnitine acetyltransferase activities. Previous reports suggest that myocardial cells per se produce acetylcholine or an acetylcholine-like substance. For example, Coraboeuf and co-workers (2) reported that electrical stimulation of noninnervated 3-day chick embryo heart results in a poststimulation inhibition blocked by atropine (1 pg/ml). Furthermore, using the dorsal leech muscle bioassay, they demonstrated the liberation of an acetylcholine-like substance, from lo-15 embryonic hearts following 2 h of electrical stimulation.
The sensitivity of the bioassay (5 pmol/ml of bathing fluid (18)) is comparable to that of the enzymatic assay (0.06 pmol min -l mg-l protein or, on means
